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MaOBJECTIVES The goal of this study was to perform a meta-analysis of the published literature to investigate the
relationship of high levels of exercise training to left atrial (LA) size.
BACKGROUND The “athlete’s heart” is a series of cardiac adaptations to systematic exercise training and may include
LA enlargement.
METHODS We conducted a systematic review of English-language studies in MEDLINE and Scopus from inception
through April 29, 2014, that reported LA size in elite athletes.
RESULTS A total of 54 studies comprising 7,189 elite athletes and 1,375 controls were included. Forty-eight of the
54 studies reported absolute LA diameter in 7,018 athletes and 1,044 controls. Nine of the 54 studies (including
992 athletes and 426 controls) presented LA volume corrected for body surface area. The adjusted weighted mean LA
diameter was 4.1 mm greater in athletes overall compared with sedentary controls (p < 0.0001), and LA volume index
was 7.0 ml/m2 greater in athletes than controls (p < 0.01). Compared with controls, LA diameter was 4.6 mm greater in
endurance-trained athletes (p < 0.0001), 2.9 mm greater in strength-trained athletes (p < 0.03), 3.5 mm greater in
combined strength- and endurance-trained athletes (p < 0.0001), and 4.2 mm greater in athletes with unspeciﬁed
training (p < 0.02).
CONCLUSIONS To our knowledge, this is the largest compilation of studies documenting that elite athletes have
larger LA dimensions compared with controls when evaluated by either LA diameter or LA volume corrected for body
surface area. The largest average LA diameters were reported in endurance athletes. Physicians evaluating athletes
should be aware that the LA is increased in both strength- and endurance-trained elite athletes. (J Am Coll Cardiol Img
2015;8:753–62) © 2015 by the American College of Cardiology Foundation.A thletic training produces multiple cardiacadaptations that constitute the “athlete’sheart.” This exercise-induced cardiac remod-
eling is considered a benign physiological adaptation
to the hemodynamic load of systemic training and is
characterized by an increase in cavity diameters,
wall thickness, and left ventricular (LV) mass (1).
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and LA enlargement may not occur uniformly (2).
The American Society of Echocardiography (ASE)
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ABBR EV I A T I ON S
AND ACRONYMS
AF = atrial ﬁbrillation
AP = anterior-posterior
ASE = American Society of
Echocardiography
BSA = body surface area
CMR = cardiac magnetic
resonance
LA = left atrial/atrium
LV = Left ventricular/ventricle
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754larger body dimensions could increase both
athletic performance and LA size.
LA enlargement is associated with an in-
crease in adverse cardiovascular outcomes
even in subjects without a history of atrial
ﬁbrillation (AF) or signiﬁcant valvular dis-
ease (2). LA enlargement increases the risk of
AF, which may explain recent data support-
ing an increase in AF incidence among
middle-aged competitive athletes after many
years of sport practice (4).
Consequently, we performed a systematic
review of the available data to evaluate the associa-
tion and to quantify the magnitude of the effect of
exercise training on LA size. We also sought to
determine if LA size remained greater in elite athletes
after adjustment for body size.SEE PAGE 763METHODS
DATA SOURCES AND SEARCHES. We conducted a
systematic literature search of MEDLINE and Scopus
databases from inception to April 29, 2014, using
combinations of the following terms: “heart,”
“echocardiography,” and “athlete.” Additionally, we
manually searched references from papers about
included studies, review articles, and meta-analyses.
STUDY SELECTION. We assessed studies for inclu-
sion by using the following a priori deﬁned criteria:
1) the study explicitly stated that the evaluated ath-
letes were elite, competing at international or na-
tional level (including National Collegiate Athletic
Association); 2) the study reported absolute mean LA
diameter or LA volume indexed for BSA measured by
echocardiography according to current clinical stan-
dards (3); 3) the mean age of the study cohort was
between 18 and 40 years; and 4) a measure of statis-
tical variance was reported. Study arms that reported
populations that potentially overlapped with other
studies were excluded.
DATA EXTRACTION. Two reviewers independently
extracted the data, with discrepancies resolved by
consensus. We classiﬁed the athletes into strength,
endurance, and combined groups based on the in-
tensity level of the static and dynamic components (5).
Heterogeneous groups of athletes of different sports
classiﬁcations were categorized as mixed. In longitu-
dinal exercise training studies, the LA measurements
after the longest exercise exposure were used.
DATA SYNTHESIS AND ANALYSIS. LA dimensions
were pooled using meta-analytic methods. Random-
effects meta-analysis and meta-regression analyseswere conducted to determine how exercise and other
important study characteristics inﬂuenced LA size.
A multivariate linear mixed model was used to
conduct meta-regression analyses. Both random and
ﬁxed effects were used for meta-regression, which
was weighted by the inverse of the variance of the
aortic root diameter (6). Fixed effects were assumed
for study-level factors, including participant type
(athlete or control) and sex. When sample size
permitted, we performed subgroup analyses of
studies to determine the effect of sex and the type of
exercise training on LA dimensions. We constructed
2 funnel plots of the SE versus the LA diameter and
indexed LA volume, respectively, to evaluate publi-
cation bias using StatsDirect version 2.7.9 (StatsDirect
Ltd., Cheshire, United Kingdom). The funnel plot was
examined visually and tested for asymmetry using
the Egger test. Heterogeneity across studies was
assessed by calculating the I statistic, which measures
the proportion of overall variation that is attributable
to between-study heterogeneity rather than chance.
I2 statistic >50% was deﬁned as signiﬁcant. Statistical
analysis was performed using SAS (PROC MIXED)
version 9.2 (SAS Institute, Cary, North Carolina) with
statistical signiﬁcance set at 0.05.
RESULTS
Our search of the literature identiﬁed 1,546 non-
duplicate citations (Figure 1). Of these, 54 studies
(7–60) met the inclusion criteria for this analysis.
Forty-eight of the 54 included studies reported ab-
solute LA diameter in 2,626 endurance-trained ath-
letes; 411 strength-trained athletes; 875 combined
endurance- and strength-trained athletes; 3,106 ath-
letes for whom pure exercise classiﬁcation was not
possible, which we labeled “mixed trained athletes”;
and 1,044 controls (Table 1). Nine of the 54 studies
presented LA volume corrected for BSA in 552
endurance-trained, 255 strength-trained, and 185
combined trained athletes and 426 controls (Table 2).
Across all studies, mean age of the athletes and con-
trols ranged from 18.9 to 36 years.
Meta-regression analysis demonstrated that
pooled mean LA diameter was 4.1 mm (95% conﬁ-
dence interval [CI]: 2.8 to 5.4) greater in athletes
overall compared with sedentary controls (p <
0.0001) (Table 3), and LA volume index was 7.0 ml/m2
(95% CI: 2.3 to 11.6) greater in athletes compared with
controls (p < 0.01) (Table 4). These increases corre-
spond to a 13% increase in LA diameter and a 30% in-
crease in indexed LA volume.
LA diameter compared with controls was 4.6 mm
(95% CI: 3.2 to 6.0) greater in endurance-trained
FIGURE 1 Results of the Literature Search and Disposition of Articles Screened for Inclusion
Records identified through
database searching
(n = 2288)
MEDLINE (n = 939)
Scopus (n = 1349)
Records identified through
other sources
(n = 790)
Records screened after duplicates removed
(n = 1546)
Records excluded (n = 735)
• Paper type (e.g. Review article,
case reports ) (n = 529)
• Did not evaluate heart in athletes
with echocardiography (n = 85)
• Not elite athletes (n = 26)
• Not humans (n = 1)
• Out of age range (n = 94)
Full-text articles
assessed for
eligibility
(n = 811)
Studies included in
quantitative synthesis
(meta-analysis)
(n = 54)
Full-text articles excluded (n = 757)
• Paper type (n = 31)
• Not English (n = 3)
• Did not evaluate heart in athletes with
echocardiography (n = 11)
• Not reporting LA diameter or LA volume
indexed to BSA in athletes (n = 559)
• Not in “elite” athletes (n = 126)
• Out of age range (n = 6)
• Overlapping population (n = 20)
• No measure of statistical variance (n = 1)
n indicates number of studies. BSA ¼ body surface area.
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755(p < 0.0001), 2.9 mm (95% CI: 0.5 to 5.4) greater in
strength-trained (p < 0.03), 3.5 mm (95% CI: 1.9 to 5.1)
greater in combined trained (p < 0.0001), and 4.2 mm
(95% CI: 0.9 to 7.6) greater in mixed trained athletes
(p < 0.02) (Table 3).
We attempted similar subgroup analyses for
indexed LA volume, but the small number of avail-
able studies reporting this measurement precluded
meaningful analysis.
LA diameter in men was 2.3 mm (95% CI: 0.8 to 3.7)
greater than in women (p < 0.003), but there were no
statistically signiﬁcant differences between the sexes
when indexed LA volumes were analyzed.
Weighted mean LA diameter in men generated by
univariate subgroup analysis was 36.0 mm (95% CI:
35.5 to 36.5) in male elite athletes and 34.2 mm (95%
CI: 33.2 to 35.1) in female elite athletes. Weightedmean LA volume indexed for BSA was 30.8 ml/m2
(95% CI: 26.1 to 35.5) in male elite athletes and 24.5
ml/m2 (95% CI: 21.6 to 27.5) in male controls. We
attempted similar subgroup analyses for indexed
LA volume in female athletes, but the small number
of available studies reporting this measurement
precluded meaningful analysis. However, meta-
regression analysis demonstrated that there were
no statistically signiﬁcant differences between the
sexes when indexed LA volumes were analyzed.
Therefore, when data were pooled from both sexes,
weighted mean LA volume indexed for BSA was 30.9
ml/m2 (95% CI: 28.1 to 33.7) in male and female elite
athletes and 24.1 ml/m2 (95% CI: 22.1 to 26.1) in
controls.
Signiﬁcant statistical heterogeneity was present for
pooling of both studies reporting LA diameter as well
TABLE 1 Subject Characteristics in Studies Measuring Left Atrial Diameter
First Author, Year (Ref. #) Study Group n Sex
Training
Regimen*
Duration of
Training, yrs* Age, yrs* Height, cm* BSA, m2* LAD, mm*
Adler, 2008 (8) ST athletes; weightlifters 48 M 15–20 h/week >6 31  4 179  6 NR 31  4
Control subjects 48 M 30  3 174  6 NR 31  3
Alexiou, 2005 (10) ET athletes; swimmers 20 M NR 11  2 22  4 180  5 2.0  0.4 32.8  5.6
Al-Hazzaa, 2001 (57) ET athletes; soccer players 23 M NR NR 25  3 177  6 1.9  0.1 32.0  2.9
Control subjects 19 M 25  4 170  5 1.8  0.1 27.0  4.1
Legaz Arrese, 2005 (11) CT athletes; sprint runners 18 M 20–25 h/week >10 22  2 NR 1.9  0.1 35.2  3.8
CT athletes, sprint runners 25 M 20–25 h/week >10 24  4 NR 2.0  0.1 36.2  3.5
ET athletes; middle-distance runners 24 M 20–25 h/week >10 22  4 NR 1.9  0.1 37.7  3.2
ET athletes; middle-distance runners 20 M 20–25 h/week >10 24  4 NR 1.8  0.1 39.6  3.5
ET athletes; middle-distance runners 3 M 20–25 h/week >10 27  2 NR 1.8  0.1 38.0  3.2
ET athletes; middle-distance runners 4 M 20–25 h/week >10 21  1 NR 1.8  0.1 40.3  4.5
ET athletes; long-distance runners 5 M 20–25 h/week >10 26  3 NR 1.7  0.1 39.0  4.6
ET athletes; long-distance runners 18 M 20–25 h/week >10 26  4 NR 1.7  0.1 38.7  4.2
ET athletes; long-distance runners 17 M 20–25 h/week >10 31  4 NR 1.7  0.1 40.4  5.7
CT athletes; sprint runners 5 F 20–25 h/week >10 23  4 NR 1.6  0.1 30.2  7.1
CT athletes, sprint runners 9 F 20–25 h/week >10 23  3 NR 1.6  0.1 36.0  4.9
ET athletes; middle-distance runners 7 F 20–25 h/week >10 24  3 NR 1.6  0.1 35.5  2.6
ET athletes; middle-distance runners 9 F 20–25 h/week >10 25  5 NR 1.6  0.1 32.8  3.7
ET athletes; middle-distance runners 6 F 20–25 h/week >10 23  4 NR 1.5  0.1 35.5  2.5
ET athletes; long-distance runners 2 F 20–25 h/week >10 26  2 NR 1.5  0.04 41.0  1.4
ET athletes; long-distance runners 5 F 20–25 h/week >10 24  5 NR 1.5  0.1 35.4  4.3
ET athletes; long-distance runners 11 F 20–25 h/week >10 31  4 NR 1.4  0.1 35.6  3.9
Barbier, 2006 (13) ST athletes; tumblers 16 M 15  3 h/week $5 21  2 171  3 1.8  0.1 32.2  3.6
CT athletes; canoers 12 M 15  3 h/week $5 21  4 176  6 1.8  0.1 30.5  3.8
CT athletes; cyclists 12 M 15  3 h/week $5 24  3 179  5 1.9  0.1 33.6  4.0
Control subjects 19 M 22  3 176  2 1.9  0.2 29.5  3.3
Basavarajaiah, 2008 (14) MT athletes; 6 sports 300 M 14  7 h/week $ 4 21  6 NR 1.9  0.2 36  4
MT athletes; 6 sports 300 M 14  7 h/week $4 21  5 NR 1.9  0.3 36  4
Control subjects 150 M 19  6 NR 1.9  0.5 31  4
Biasco, 2013 (58) ET athletes; soccer 147 M NR NR 24  5 NR NR 35.2  3.9
ET athletes; soccer 88 M NR NR 24  6 NR NR 35.4  4.4
Blair, 1980 (15) ET athletes; runners 12 M NR NR 27  3 NR 1.8  0.2 33  5
CT athletes; cyclists, rowers 6 M NR NR 26  4 NR 1.9  0.2 32  3
Control subjects 20 M 29  4 179 1.9  0.1 30  4
Boraita, 2010 (16) MT athletes; 32 sports 193 M NR NR 24  6 179  8 1.9  0.2 36.6  4.7
MT athletes; 32 sports 106 F NR NR 24  6 166  8 1.6  0.1 33.6  4.3
Bossone, 2004 (17) ET athletes; ice hockey players 26 M $10 h/week† 12.3  3.9 20  2 NR NR 39  4
Control subjects 14 M 19  1 NR NR 35  3
Bouvier, 1997 (18) ET athletes; runners 16 M NR NR 26  1 178  6 NR 31.9  3.8
Butz, 2010 (19) ET athletes; handball players 100 M 20–24 h/week NR 26  5 188  8 2.2  0.2 37.4  3.9
Cabanelas, 2013 (20) ET athletes; soccer players 27 M NR 6.2  2.9 25  3 NR 1.9  0.1 38.9  4.4
Calderón, 2010 (21) CT athletes; sprinters 34 M NR $10† 23  2 178  10 NR 35.0  3.8
ET athletes; runners 42 M NR $10† 25  3 181  8 NR 39.7  2.9
Carlsson, 2011 (22) ET athletes; skiers 10 M NR >10† 28  5 180  4 1.9  0.1 40.1  2.0
Control subjects 10 M 28  7 181  6 2.0  0.1 31.5  2.4
Caselli, 2011 (23) MT athletes; 27 sports 429 M/F NR $3† 26  5 NR 2.0  0.2 36.5  4.3
Control subjects 98 M/F 27  5 NR 1.8  0.2 31.4  4.1
Chevalier, 2013 (24) CT athletes; rugby players 135 M NR NR 25  4 NR NR 39.8  4.0
Crouse, 1992 (25) ET athletes; basketball players 15 F NR NR 20  1 178  6 1.9  0.1 32.3  2.9
Control subjects 20 F 20  2 165  5 1.6  0.1 27.1  3.5
Dabiran, 2008 (26) ST athletes; weightlifters 12 M NR NR 27  6 NR NR 32.6  2.6
ET athletes; runners, soccer players 38 M NR NR 27  6 NR NR 34.5  3.5
Control subjects 50 M 26  3 NR NR 30.1  0.5
D’Andrea, 2010 (27) ET athletes; 4 sports 370 M/F 15–20 h/week >4† 28  10 NR 1.9  0.5 35.3  5.7
ST athletes; 4 sports 245 M/F 15–20 h/week >4† 29  10 NR 1.9  0.6 33.4  4.5
Continued on the next page
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TABLE 1 Continued
First Author, Year (Ref. #) Study Group n Sex
Training
Regimen*
Duration of
Training, yrs* Age, yrs* Height, cm* BSA, m2* LAD, mm*
Dzudie, 2007 (30) ET athletes; handball players 21 M 11  2 h/week 10  3 25  3 178  7 2.0  0.2 38.2  4.6
Control subjects 21 M 25  3 178  7 2.0  0.2 35.4  4.3
Fisman, 2002 (31) ST athletes; weightlifters 40 M 15–20 h/week >6 29  4 179  10 NR 38  5
ET athletes; runners 46 M 100 km/week >6 29  6 181  9 NR 36  7
Control subjects 34 M 30  5 180  8 NR 36  6
Galanti, 2008 (32) ET athletes; soccer players 35 M NR NR 28  7 181  6 NR 36  3
Haddad, 2013 (59) CT athletes; football players 86 M NR NR 20  2 190  6 2.3  0.2 37  5
CT athletes; football players 43 M NR NR 19  1 185  5 2.2  0.2 36  5
Heinz, 2009 (34) ET athletes; swimmers 40 M/F NR NR 23  5 179  9 NR 35  5
Control subjects 40 M/F 27  6 173  9 NR 33  6
Ikäheimo, 1979 (35) CT athletes; sprint runners 10 M NR 8.7  3.1 24  9 NR 1.9  0.1 33.3  3.7
ET athletes; 3 sports 12 M NR 9.4  4.7 29  4 NR 1.8  0.1 38.7  2.7
Control subjects 13 M 24  7 NR 1.8  0.1 31.5  5.7
Kervio, 2013 (36) ET athletes; soccer players 68 M 10–15 h/week >5 24  4 178  7 1.9  0.1 35.6  4.3
ET athletes; soccer players 96 M 10–15 h/week >5 24  4 181  6 2.0  0.1 35.9  5.1
ET athletes; soccer players 118 M 10–15 h/week >5 24  4 180  6 2.0  0.1 36.4  5.0
King, 2006 (37) CT athletes, rowers 17 M/F 15–20 h/week >5 28 med NR 2 38  4
Control subjects 30 M/F 26 NR 1.8 35  4
Krol, 2011 (38) CT athletes; cyclists, speed-skaters 38 M/F NR NR 25  3 186  10 2.1  0.2 40  5
Control subjects 41 M/F 24  4 177  9 1.9  0.2 34  3
Mansencal, 2007 (56) ET athletes; tennis players 50 M NR NR 25  4 182  6 2.0  0.1 36.4  3.0
ET athletes; tennis players 30 F NR NR 22  5 170  6 1.7  0.1 33.6  3.6
Control subjects 50 M 25  4 176  7 1.8  0.1 31.8  2.4
Control subjects 30 F 22  5 167  8 1.7  0.2 30.0  5.4
Mantziari, 2010 (39) CT athletes; rowers 15 M/F >25 h/week 5–10 27  5 183  6 2.0  0.2 33.1  3.0
Control subjects 12 M/F 30  5 175  68 1.9  0.2 32.4  3.6
Muir, 1999 (41) ET athletes; soccer players 141 M NR NR 21  5 179  6 1.9  0.1 33.0  5.9
Control subjects 32 M 24  4 178  7 1.9  0.1 32.0  8.4
Osborn, 2007 (42) ET athletes, tennis players 41 M NR NR 23  2 183  7 NR 38.0  4.3
Oxborough, 2012 (43) ET athletes; runners, cyclists 102 M/F 8–24 h/week $2 36  11 178  8 2.0  0.2 40  4
Pelliccia, 1996 (44) MT athletes; 27 sports 600 F NR 9 21  5 167  8 1.6  0.2 32.2  3.5
MT athletes; 25 sports 738 M NR 3–20† 23  5 180  8 1.9  0.2 36.9  3.0
Control subjects 65 F 24  6 167  7 1.6  0.1 33.5  3.0
Poh, 2008 (45) CT athletes; speed-skaters 24 M/F NR NR 22  3 NR 1.6  0.2 34  3
Control subjects 15 M/F 24  3 NR 1.5  0.3 30  3
Pollak, 1987 (46) ET athletes; distance runners 16 F 104  25 km/week NR 27  5 NR NR 34  4
Rawlins, 2010 (47) MT athletes; 10 sports 240 F 13.7  3.4 NR 21  5 171  8 1.8  0.2 35.3  4.7
MT athletes; 10 sports 200 F 14.4  6.1 NR 20  4 170  8 1.73  0.2 32.5  4.8
Richand, 2007 (48) ET athletes; soccer players 29 M 15 h/week‡ NR 25  4 NR NR 29.3  4.0
Control subjects 17 M/F 27  4 NR NR 33.6  3.7
Rubal, 1981 (49) ET athletes; softball players 9 F 32–42 km/week $1† 19–23† NR NR 30  6
Control subjects 10 F 19–24† NR NR 26  6
Sepulveda, 1989 (60) CT athletes; cyclists 22 M 300–1,000 km/week 4–15 24  4 172  6 1.8  0.1 34.9  3.3
Control subjects 20 M 26  4 171  7 1.8  0.1 32.5  3.5
Sozen, 2000 (8) ET athletes; soccer players 83 M 10  1.5 h/week 13  7 26  4 178  6 1.9  0.1 33  5
Control subjects 52 M 25  3 175  7 1.9  0.2 29  4
Continued on the next page
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757as indexed LA volume (I2 ¼ 98.7% and I2 ¼ 96.4%,
respectively). There was no evidence of publication
bias on the basis of either visual inspection of the
funnel plot or by Egger regression (p ¼ 0.17) for
studies reporting indexed LA volumes. Publication
bias could not be excluded for studies measuring LA
diameter.DISCUSSION
To our knowledge, this is the largest compilation of
studies demonstrating that the LA is enlarged in
highly trained athletes compared with controls,
regardless of whether their sporting activity requires
predominantly endurance, strength, or both forms of
TABLE 1 Continued
First Author, Year (Ref. #) Study Group n Sex
Training
Regimen*
Duration of
Training, yrs* Age, yrs* Height, cm* BSA, m2* LAD, mm*
Spataro, 1985 (50) ET athletes; long-distance runners 17 M NR NR 26  4 NR 1.8  0.1 36.8  2.4
ET athletes; volleyball players 16 M NR NR 23  4 NR 2.1  0.1 35.1  3.9
ET athletes; soccer players 50 M NR NR 24  5 NR 1.8  0.1 34.9  3.9
ET athletes; basketball players 22 M NR NR 25  3 NR 2.3  0.2 38.1  4.9
ET athletes; fencers 18 M NR NR 26  4 NR 1.9  0.1 36.7  3.3
ST athletes; bobsleigh racers 15 M NR NR 24  3 NR 2.0  0.1 35.8  2.4
ST athletes; bodybuilders 14 M NR NR 22  4 NR 2.0  0.2 37.7  3.0
ST athletes; weightlifters 21 M NR NR 26  6 NR 2.2  0.3 37.2  4.3
CT athletes; road cyclists 30 M NR NR 20  2 NR 1.9  0.1 36.9  2.6
CT athletes; rowers 30 M NR NR 21  3 NR 2.0  0.9 39.3  3.6
CT athletes; track cyclists 14 M NR NR 20  1 NR 2.0  0.1 38.7  3.8
CT athletes; canoers 13 M NR NR 20  2 NR 1.9  0.8 37.5  2.8
CT athletes; jump sprinters 11 M NR NR 24  5 NR 1.8  0.1 35.0  3.3
Control subjects 50 M 23  4 NR 1.7  0.2 30.3  0.5
Stolt, 2000 (51) ET athletes; 3 sports 30 F 10  2 h/week 11  4 24  4 169  5 1.7  0.1 33  3
Control subjects 15 F 26  5 166  5 1.6  0.1 28  4
ET athletes; 3 sports 30 M 11  2 h/week 12  4 25  3 181  6 1.9  0.1 34  3
Control subjects 15 M 26  3 180  6 2.0  0.1 31  5
Thünenkötter, 2009 (52) ET athletes; soccer players 511 M NR NR NR NR NR 36  4
Underwood, 1977 (53) ET athletes; runners 20 NA NR NR NR NR NR 33.5  4.7
Control subjects 10 NA NR NR NR 27.3  4.6
Van Decker, 1989 (7) ET athletes; basketball players 12 M NR NR 26  3 201  9 2.4  0.2 42  2
Control subjects 11 M 31  5 192  4 2.3  2 43  6
Whyte, 1999 (54) CT athletes; triathletes 18 M 26.5  2.1 h/week 5.6  1 29  6 179  7 1.91  0.1 31.2  3.2
CT athletes; pentathletes 11 M 28.5  3.2 h/week 7.4  1.2 27  5 182  7 1.93  0.1 33.7  3.8
Control subjects 13 M 29  3 179  5 1.9  0.2 32.5  1.9
*Mean  SD unless otherwise speciﬁed. †Range. ‡Median.
BSA ¼ body surface area; CT ¼ combined trained; ET ¼ endurance trained; F ¼ female; LAD ¼ left atrium diameter; M ¼ male; MT ¼ mixed trained; NA ¼ not available; NR ¼ not reported;
ST ¼ strength trained.
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758exercise. Moreover, 9 studies documented that LA
size remained larger in the athletes even when
indexed for body size. Clinicians can expect LA di-
ameters to be on average approximately 4.1 mm
larger in athletes and LA volume indexed for BSA to
be on average 7.0 ml/m2 greater than volumes in the
general population. The upper limit of 95% CI for LA
size in this population of elite athletes was 36.5 mm
for LA diameter in male athletes, 35.1 mm for LA
diameter in female athletes, 35.8 ml/m2 for indexed
LA volume in male athletes, and 33.7 ml/m2 for
indexed LA volume when both sexes were pooled.
Our meta-analysis provides clinicians with measure-
ments of the expected LA remodeling in elite athletes
for use in differentiating the physiological remod-
eling of the “athlete’s heart” from structural heart
disease. Measurements greatly exceeding these limits
are unlikely to represent adaptations to elite training
and may indicate a pathological condition.
Increased LA diameter has previously been noted
in athletes (1), but linear measurement of the LA
anterior-posterior (AP) dimension may not accuratelyrepresent true LA size because it assumes a consistent
relationship among all LA dimensions as the atrium
enlarges, which may not be true (3). LA enlargement
in the AP dimension is constrained by the aortic root
anteriorly and the relatively rigid tracheal bifurca-
tion posteriorly, forcing the LA to expand predomi-
nantly in the superior-inferior and medial-lateral
dimensions. This alters LA geometry such that the AP
dimension may not accurately represent LA size
(3,61). In our study of LA diameter, we observed only
a 13% increase in athletes compared with controls,
whereas indexed LA volume demonstrated a 30%
increase. LA volume provides a more accurate and
reproducible estimate of LA size compared with such
reference standards as cardiac magnetic resonance
(CMR) and cine computed tomography (62,63).
LA volume also has a stronger association with
adverse cardiovascular outcomes than LA area or
diameter (2,64). For these reasons, the ASE recom-
mends against the use of AP diameter as the sole
measurement of LA size and suggests that LA volume
should be determined. Most prior studies of LA size in
TABLE 2 Subject Characteristics in Studies Measuring Left Atrial Volumes Indexed to BSA
First Author, Year (Ref. #) Study Group n Sex
Training
Regimen*
Duration of
Training, yrs* Age, yrs* Height, cm* BSA, m2* LAV, ml/m3*
Baggish, 2010 (12) CT athletes; rowers 20 M 19  4 h/week 9  4 25  3 197  5 2.3  0.1 32  7
Control subjects 20 M 21  2 177  6 2.0  0.1 24  4
D’Andrea, 2013 (28) ET athletes; 5 sports 395 M/F 15–20 h/week >4 29  10 NR 1.8  0.5 29.1  9.1
ST athletes; 3 sports 255 M/F 15–20 h/week >4 28  10 NR 1.9  0.6 25.4  8.4
Control subjects 230 M/F 28  11 NR 1.8  0.6 24.8  6.3
D’Ascenzi, 2011 (29) ET athletes; soccer players 23 M >15 h/week NR 26  4 182  7 2.0  0.1 26.3  4.3
Control subjects 26 M 26  6 178  9 2.0  0.3 20.2  3.9
Galderisi, 2010 (33) CT athletes; rowers 22 M $30 h/week $5 28  8 NR NR 36.6  8.7
Control subjects 19 M 28  7 NR NR 26.7  7.3
Mansencal, 2007 (56) ET athletes; tennis players 50 M NR NR 25  4 182  6 2.0  0.1 39.1  9.0
ET athletes; tennis players 30 F NR NR 22  5 170  6 1.7  0.1 36.6  9.9
Control subjects 50 M 25  4 176  7 1.8  0.1 30.5  7.0
Control subjects 30 F 22  5 167  8 1.7  0.2 27.2  6.8
Moro, 2013 (40) CT athletes; cyclists 17 M 24 h/week NR 26  NR 174  1 1.8  0.03 34.5  4.9
Control subjects 36 M 30  NR 180  1 2.0  0.03 22.0  4.9
Oxborough, 2012 (43) ET athletes; runners/cyclists 102 M/F 8–24 h/week $2 36  11 178  8 2.0  0.2 32  8
Poh, 2008 (45) CT athletes; speed-skaters 24 M/F NR NR 22  3 NR 1.6  0.2 33  7
Control subjects 15 M/F 24  3 NR 1.5  0.3 18  5
Wilhelm, 2010 (55) ET athletes; soccer players 29 M NR NR 24  4 NR 2.0  0.1 21.8  5.0
ET athletes; soccer players 25 M NR NR 25  5 NR 2.0  0.1 25.6  7.3
*Mean  SD.
LAV ¼ left atrium volume; other abbreviations as in Table 1.
TABLE 3 Results of Base Case and Subgroup Analyses of LA Diameter in
Elite Athletes Compared With Controls
Study-Level Factor n
Meta-Regression Analysis:
Adjusted Difference of
LA Diameter, mm (95% CI)
Base case analysis
Participant type
Athlete 7,018 4.1 (2.8–5.4)*
Control 1,044 Reference
Sex
Male 5,089 2.3 (0.8–3.7)*
Mixed 1,440 3.2 (1.1–5.3)*
Female 1,533 Reference
Subgroup analysis
Training type
Endurance athletes 2,626 4.6 (3.2–6.0)*
Strength athletes 411 2.9 (0.5–5.4)*
Combined trained athletes 875 3.5 (1.9–5.1)*
Mixed trained athletes 3,106 4.2 (0.9–7.6)*
Control subjects 1,044 Reference
*p < 0.03.
Abbreviation as in Table 1.
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759athletes, including a recent meta-analysis of the ath-
lete’s heart (65), were limited in that the LA measure-
ments were largely conﬁned to LA diameter (66),
which as discussed, can be misleading. The LA evalu-
ation in the majority of prior studies was furthermore
limited in that LA measurements were not related to
body size, a major determinant of LA size. This is
typically corrected for by indexing the LA to a measure
of body size, such as BSA, as recommended by the ASE
(3). Sex differences in LA size are nearly completely
accounted for by variation in body size (67,68), which
was conﬁrmed in our study because we found that
men had larger unindexed LA diameters than
women, whereas there was no signiﬁcant difference
between the sexes in LA volumes indexed for BSA.
Our analyses were based solely on echocardio-
graphic measurements. CMR is considered the gold
standard for the measurement of LA volume, and
echocardiography appears to systematically under-
estimate LA dimensions and volumes, compared with
CMR (69). However, acquisition of CMR is time
consuming and computed tomography requires
contrast agents and radiation exposure. Conse-
quently, echocardiographic assessment of LA volume
will remain a widely used technique to assess LA size
in athletes.
The mechanisms responsible for LA enlargement
in athletes are not clear. LA enlargement is closelyassociated with LV cavity enlargement (70) and may
represent the physiological consequence of chronic
LV volume and/or pressure overload from long-term
intensive dynamic or static training.
LA enlargement as determined by echocardio-
graphy is associated with an increased incidence of
TABLE 4 Results of Base Case and Subgroup Analyses of LA Volumes
Indexed to BSA in Elite Athletes Compared With Controls
Study-Level Factor Number of Subjects
Meta-Regression Analysis:
Adjusted Difference of Indexed
LA Volume, ml/m2 (95% CI)
Base case analysis
Participant type
Athlete 992 7.0 (2.3 to 11.6)*
Control 426 Reference
Sex
Male 337 4.1 (11.5 to 3.2)
Mixed 1,021 6.0 (14.0 to 2.0)
Female 60 Reference
Subgroup analysis Not done because of insufﬁcient number of endurance- or
strength-trained only athletes.
*p < 0.05.
Abbreviations as in Table 1.
PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: Elite
athletes have larger LA dimensions compared with
controls when measured as either LA diameter or LA
volume and even when corrected for body surface
area. An increase in LA size is probably a result of
prolonged exercise training and therefore a compo-
nent of the “athlete’s heart.”
TRANSLATIONAL OUTLOOK: Studies of the
potential clinical consequence of enlarged LA size in
athletes are warranted to determine whether
enlarged LA size in this population is associated with
adverse cardiovascular outcomes, including increased
risk of atrial ﬁbrillation.
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760adverse cardiovascular outcomes. There is a rela-
tionship between LA size and the incidence of AF in
the general population (3,71). Data suggest that
athletes are at a higher risk of developing AF. A meta-
analysis of 6 case-control studies including 655 ath-
letes and 895 controls with a mean age of 51  9 years
showed that the overall risk for AF was signiﬁcantly
higher in athletes than in controls, with an odds ratio
of 5.29 (95% CI: 3.57 to 7.85) (72).
Several possible mechanisms, alone or in concert,
could contribute to AF in habitual athletes. Vagal
tone and bradycardia are more prevalent in ath-
letes, and bradycardia has been associated with AF
in patients with structurally normal hearts. Inﬂam-
matory changes with excessive training and LA
remodeling and dilation are also possible causes
(73). The present study demonstrated that LA
enlargement occurs in both endurance and strength
athletes.
STUDY LIMITATIONS. Most identiﬁed studies were
cross-sectional, and we cannot exclude the possibility
that LA size in the athletes was innately larger than in
the sedentary subjects even before exercise training.
Athletes might simply be larger individuals with
larger LA size, but the difference between athletesand controls persisted even when LA volume was
adjusted for BSA. There was signiﬁcant statistical
heterogeneity among the included studies, which we
attempted to control using multivariate metare-
gression analysis (6). This permits pooling of studies
for additional power, while adjusting for differences
in multiple study-level characteristics, but it is likely
we were unable to adjust for all important sources of
heterogeneity and that some confounding factors
remain.
CONCLUSIONS
Elite athletes have larger LA dimensions compared
with controls when evaluated by either LA diameter
or LA volume corrected for BSA. The largest average
LA diameters were reported in endurance athletes,
but LA size was also increased in strength-trained and
combined trained athletes. Physicians evaluating
athletes should be aware that the LA is increased in
trained elite athletes.
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